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Introduction
The most flexible tool for generating coherent extreme ultraviolet (EUV) radiation by an intense laser pulse is the generation of its high harmonics. The harmonics of ultrashort laser pulses in gases cover practically the full spectral range from the visible to kilo-electronvolt x-ray. In the interaction of an intense laser pulse with a gas consisting of atoms, molecules or -in the present case -clusters, optical ionization may occur as a result of the distortion of the Coulomb potential by the intense electric field [1, 2] . The freed electron is driven by the laser electric field, and may recombine with its parent ion, emitting the excess energy in the form of a high energy photon. As this process is repeated every half-cycle, the temporal periodicity of the process leads to the appearance of discrete spectral lines at harmonics of the laser frequency. This half-cycle periodicity is the reason why in most cases odd harmonics are generated in gases up to a limit defined by the laser intensity and the ionization potential of the gas, giving an upper limit for the generated photon energies. A great deal of effort has been expended towards increase of the conversion efficiency of harmonics for better usability. High harmonic generation (HHG) from clusters seems to be a possible candidate for an efficient light source giving higher emission frequencies and higher conversion efficiency [3, 4] .
Although the higher conversion efficiency and higher observable harmonics are advantageous, the investigation Correspondence to: I. B. Földes, Wigner Research Centre for Physics, H-1525 Budapest, POB 49, Hungary. Email: foldes.istvan@wigner.mta.hu of HHG from clusters is not strongly prevalent because of two main reasons. The first reason is that although the conversion can be higher than in atomic gases, the ionization of clusters sets an upper limit for the obtainable intensity, similarly to that of atoms. Therefore, most of the recent efforts aim to use loose focusing [5] [6] [7] and consequently a long homogeneous target material for harmonic generation. Clearly, it is not easy to realize an elongated cluster source. The other obstacle for a broader application is that the mechanism of HHG from clusters is still a subject of intense debate [8] . Apart from the traditional three-step model which is based on the recombination to the same atom, models have been developed in which recombination is considered to the neighbouring atoms [9, 10] , which may even produce incoherent radiation as there will be no phase locking between the two atomic wavefunctions [11] . Ruf et al. [8] suggests an alternative with tunnel ionization from a partly delocalized electron wavefunction and recombination to this wavefunction, i.e., to the cluster itself. In experiments the difficulty of separation of harmonics from the monomer atoms and from clusters makes it difficult to determine the actual mechanism of harmonic generation.
In the present work we aim to progress towards the ionization limit, i.e., we are investigating the limit where the ionization sets in with the signature of free electrons in the free space and inside the cluster as well. HHG is investigated in different gases, namely in He which is purely atomic, in Xe which generally forms clusters, and in transitory Ar where significant cluster generation sets in 2 M. Aladi et al.
above a certain backing pressure of the pulsed valve source. Investigation of the pressure dependence of the harmonic intensity shows the effects of cluster generation. Detailed analysis of the harmonic spectra shows the tunability of the harmonic wavelength by the appearance of free electrons in the interaction range, and also the effect of free electrons inside the clusters.
Experimental
Harmonics were generated in gas jet targets using commercial valves of Parker Hannifix, Series 9. The original conical nozzle had an orifice of 1mm diameter. In order to improve the gas jet target parameters, an additional nozzle with a cylindrical orifice of 0.7 mm diameter was used. The total gas density was measured using an x-ray shadowgraphic method for Ar and Xe, and thus the average density as well as the density distribution was determined in our earlier investigations [12] from 2-12 bar backing pressure. In the case of a typical 1 ms opening time of our experimental series the density at ∼1 mm from the nozzle tip was found to be as high as 10 19 atoms cm −3 -depending slowly on the pressure -for both gases. Therefore, it seems to be reasonable to assume a similar density for He, as well.
The formation of clusters can be approximated by the semiempirical Hagena scaling parameter [13] ,
) p 0 , in which d is the diameter of the orifice in µm, p 0 is the backing pressure in mbar, T 0 is the temperature in Kelvin, and k is the condensation parameter [13] , which is equal to k = 5500 for Xe, k = 1650 for Ar and k ≈ 4 for He. We approximate the jet expansion half-angle by α ≈ 45 • . Using this scaling parameter the average cluster size can be estimated [13] asN = 33(Γ * /1000) 2.35 , which can be plotted in our range of interest, i.e., 1-20 bar backing pressure at room temperature, for the gases used in Figure 1 . Our earlier experimental investigations [12] with the additional nozzle showed (Figure 3 therein) that the jet expansion half-angle was really α ≈ 45 • without the additional nozzle, and even smaller, α ≈ 30 • , with the additional nozzle, giving even higher cluster sizes.
It can be seen that for He no clusters can be expected. The cluster sizes for Xe are significantly larger than for Ar, but with increasing pressure the size of the clusters is well above 1000 atoms even for Ar. These curves are estimated from the scaling law above [13] , which will be used throughout the remainder of the paper. The dotted horizontal line gives the limit above which the cluster effect seems to play a significant role in our observations. As we shall see below, its intersection with the Xe and Ar data is in agreement with the harmonic results which suggest the effect of clusters above 6 bar backing pressure in Ar and even for the lowest Xe backing pressures. collected the emitted high harmonic in the vacuum ultraviolet (VUV). Due to the loose focusing there was a danger that in this imaging spectrometer in which the valve-grating distance was only ∼32 cm the grating might be damaged. Therefore the arrangement of Peatross et al. [14] was used, which is a combination of a beam block at the centre of the incident beam and an aperture before the grating which suppresses the fundamental beam. The detector was a microchannel plate (MCP) with a phosphor screen. The visible light of the screen was imaged onto a CCD detector. This single-shot spectrometer provided a spectrum between 20 and 50 nm with a resolution of ∼0.5 nm.
In the experiments, the intensity and spectral dependence of high harmonics were investigated for different gases in dependence on the pressure. For a comparison we chose the 30-50 nm wavelength range; thus, high enough harmonics could be observed with a single shot without moving the grating but in a range in which the reflectivity of the grating was still acceptable (note that it starts to decrease below 35 nm).
Results
HHG was observed in each gas from 1 to 20 bar backing pressure. Figure 2 illustrates the spectrum obtained from Ar at 14 bar backing pressure for a laser intensity of High harmonic generation and ionization effects in cluster targets 10 14 W cm −2 , in which case harmonics up to the 45th order were observed, which is nearly a factor of 2 higher than the ponderomotive cutoff limit at I = 3.2U p + I p , in which I p is the ionization potential and U p is the ponderomotive energy. Clearly, the intensity of the harmonics starts to drop at this limit. We can mention here that according to the documentation of the grating as obtained from Francelab its efficiency drops below 30 nm wavelength; therefore, the real intensity of the high harmonic orders is relatively higher than in Figure 2 .
In order to compare the intensity dependence of HHG for different gases we chose a given harmonic order. Although the dependences are similar for different harmonic orders, the selection of a given pressure and harmonic order reduces the uncertainties, and it is thus illustrative for showing the qualitative behaviour. Figure 3 compares the intensity of a given harmonic order (15th in this case) for different gases, and here we can see that the conversion efficiency is highest for Xe, and it is significantly lower in the other two gases. In each case, after an initial increase of conversion efficiency with increasing intensity, it turns to saturation and then to a decrease of conversion efficiency above 1-2×10 14 W cm −2 . While the highest observed conversion efficiency in Xe cannot be fully attributed to the presence of clusters (even the atomic conversion efficiency of xenon is the highest one) the earlier saturation refers to the lower ionization potential.
The existence of clusters can be confirmed when investigating the pressure dependence of HHG, especially for Ar where the change is abrupt. Figure 4 compares the efficiency of the 25th harmonic for the three gases as a function of backing pressure. At low argon pressures and for He the increase of intensity with pressure is slow, even less than linear. In the case of argon a steep increase of efficiency starts above 6 bar backing pressure. This steeper increase can be attributed to the effect of clusters that appear with increasing pressure. Although the range of steeper increase is not sufficient for fitting, the steeper increase is approximately quadratically dependent on the pressure. This steeper dependence is expected for clusters [3] , especially above 6 bar in Ar where the size of the clusters starts to become significant, i.e., more than 1000 atoms. It should be noted that this cluster size is the same as for Xe already at 1 bar; therefore, we can assume that for Xe cluster effects dominate for the whole pressure range of our investigations. In Xe the pressure dependence starts steeply -similarly to Ar above 6 bar -then it shows a saturation, probably because of propagation effects in the high density material. It should be noted that our observations differ slightly from those of Donnelly et al. [3] , as they claimed an even stronger, cubic pressure dependence in the case of cluster targets. This difference can be partly caused by the different pulse duration of the laser, which was significantly longer in their work, 150 fs as compared with our 40 fs duration. Another possibility is that due to the different shapes of the valves the densities were different in the different experiments [12] . Last but not least, propagation effects may play an important role in the not too steep pressure dependence in our case, as this explanation is supported by the observation of intensity saturation in Xe for high pressure, as illustrated in Figure 4 .
The observation that argon seems to display a sharply increased conversion efficiency with the appearance of clusters shows that we can investigate the intensity dependence of harmonic conversion for different backing pressures when clusters are generated, i.e., above 6 bar, and when not. Figure 5 illustrates the intensity dependence for 2 bar backing pressure where cluster formation is negligible, for 12 bar with strong clusterization, and for 6 bar which is intermediate. Clearly, harmonic conversion is significantly higher for the largest clusters (12 bar), and at the lowest intensities, the conversion efficiency increase is steeper than for the cases with lower pressures and modest cluster formation. On the other hand, the saturation due to ionization of the gas is similar for clusters to that for atomic gases. Therefore, we can see that although clusters may really increase the conversion efficiency of harmonics, the ionization limit is not changed significantly.
Special emphasis was directed towards detailed spectral analysis of the harmonics. Here, the results were collected for the case in which the gas jet was behind the focus of the laser, i.e., in the diverging beam; thus, throughout the experiments the short trajectories of electrons in the HHG process were probably dominant [15] . As was expected, the spectral width of the harmonics was significantly broader in Xe, where the beam interacted with clusters, than in He, in which no clusters were present. While the typical spectral width of harmonics in the wavelength range of 30-50 nm did not show significant pressure dependence and its full width varied between 1.4 and 2 nm, the spectral width of the harmonics for Xe showed a near linear increase with increasing pressure. As an example, in the case of the 15ω radiation the spectral width was 1.9 nm for 2 bar backing pressure, and it reached 4.5 nm width in the case of 12 bar. These observations agree with earlier results, e.g., with fullerene targets [16] .
It was discovered in the 1990s that in the case of moving the gas target relative to the focal plane a spectral blue shift can be observed due to the varying free electron density, thus providing even a tunability of high harmonics [17] . Figure 6 clearly shows this effect, namely that a significant blue shift of the harmonics can be observed which increases with increasing intensity. A special case of 12 bar backing pressure, i.e., high density of Ar, is illustrated here. It must be added that the spectral shift is dependent, in addition to the intensity, on the density of material and on the material as well, the results being different for different gases for the same backing pressure. Due to the strong density dependence, the blue shift is very sensitively dependent on the exact distance from the valve. Although the large spectral shift opens the possibility of tuning the harmonic wavelengths on the full observable spectral range in the VUV, application requires further studies with accurate measurement of the gas density. An interesting phenomenon can be observed when at relatively low intensity we increase the backing pressure and thus the size of the clusters. Figure 7 shows the observed harmonic spectra from Xe in the case of 6.5 × 10 13 W cm −2 intensity for low (2 bar) and high (12 bar) backing pressure. The spectral shift towards longer wavelengths is clearly visible.
In order to give a more quantitative insight we illustrate in Figure 8 the 21st harmonic in the case of xenon gas for the lowest intensity applied, i.e., 6.5 × 10 13 W cm −2 . We start with 2 bar backing pressure -when the clusters consist of a maximum of 1000 particles according to Figure 1 -as the one with zero spectral shift. On increasing the backing pressure a red shift, i.e., a spectral shift with the opposite signature to the one caused by the free electrons, can be observed. Although this type of spectral shift is always nearly an order of magnitude lower than the contribution from free electrons it can be as high as ∆ω/ω ≈ 10 −2 for the highest applied pressure of 12 bar, in which case clusters with sizes of ∼10 5 particles are expected. This contribution is expected to that caused by the nanoplasmas inside the clusters, as was suggested by Tisch [18] and which we shall discuss below. It must be emphasized that as it is significantly lower than the blue shift caused by the free electrons it is only a relative red shift, often suppressed by the larger free-electron contribution, especially for higher intensities when the free electrons will dominate in the propagation effects.
Discussion
On the one hand, the experimental results confirm the earlier observations of intense HHG from cluster targets; on the other hand, the steep intensity increase of HHG with increasing pressure provides proof of the existence of clusters. The observation of a power law dependence, namely that the exponent is different from some earlier observations [3] , is probably only partially caused by the difference of the pulse duration of the applied lasers. As is evident from the spectral observations, the results are very sensitively dependent on the actual experimental parameters, especially the gas density and the cluster size. Indeed, the most interesting result is the observed spectral structure of the generated harmonics. As is illustrated in Figure 6 , the spectral shift caused by intensity variation is comparable with the distances between the subsequent harmonics. It should be borne in mind that by changing the gas and its pressure, this shift can be further increased, i.e., a quasi-continuously tunable coherent VUV and EUV light source can be generated. This may even serve as a seed pulse for an x-ray laser amplifier [19] .
The blue shift of the harmonics due to the free electrons, which increases both by increasing the pressure and by increasing the intensity, was explained by the phase matching condition, which for the laser and harmonics of order q can be given as
where k qω and k ω are the wavevectors for the harmonics and the laser radiation, respectively. The subscript disp is the dephasing contribution from atomic dispersion, geom is the geometric contribution determined by the focusing geometry, and electron is the contribution from free electrons in the interaction range. Our main interest here is the freeelectron contribution, which can be written as
According to usual notation, ω p is the plasma frequency. This term, as seen here, is always positive; thus, it gives a blue shift in frequency which can be approximated [20] by
in which the averaged density n e along the pathlength l is given, which is a sort of self-phase modulation. The effect of nanoplasmas inside the clusters on the dephasing was estimated by Tisch [18] , based on the simple Drude model for the dielectric function, i.e.,
which, in general, uses the electron-ion collision frequency ν. The clusters are assumed to be dielectric spheres of radius r with a dipole moment of
for the field strength E 0 . Thus, the linear susceptibility can be estimated for the cluster density n cl by
The refractive index can now be estimated for the collisionless case by
where n e is the electron density inside the cluster and n cr is the critical electron density. This means that n(ω) > 1 for n e > 3n crit and, on the other hand, n(ω) < 1 for n e < 3n crit , where n e is the electron density in the cluster. Consequently, we can estimate the dephasing as ∆k nanoplasma = 6π λ ω 1 − 2π n e r 3 n cl 3n qcrit − n e − 6π λ ω 1 − 2π n e r 3 n cl 3n crit − n e .
The first term in Equation (8) is smaller than 1 due to the high frequency of the harmonics, and the second term is >1. Therefore, it has the opposite signature to Equation (2); consequently the nanoplasma can give a negative contribution with opposite sign to the free electrons in the interaction range. Thus, we can confirm that the spectral contribution of the nanoplasmas in the clusters can give a spectral shift of opposite signature to the free electrons; therefore, the observation of this red shift may also serve as evidence of cluster generation. However, it must be noted that the above-mentioned blue and red shifts rarely appear separately in a clean form; they are strongly dependent on the parameters of the clusters and the lasers. Parametrization of the full range of observations can be carried out by using independent diagnostics of the cluster size. It must also be mentioned that in our estimations we used the simple analytical estimations of Tisch [18] . Clearly, a full computer modelling of phase matching effects for different propagation geometries and different cluster sizes would be a great step forward.
Conclusion
We can conclude that the HHG in different gases gives a clear signature of the existence of clusters. Clusters can be used as a possible method to increase the conversion efficiency of HHG, but in this case the ionization threshold gives an upper limit, similarly to atomic gases.
Spectral investigation of high harmonics gives evidence of a possible tunable coherent radiation source in the whole VUV and EUV spectral range. The opposite signatures of the spectral shifts caused by the free electrons in the focal volume and the nanoplasmas inside the cluster can be applied as a further signature of cluster diagnostics, for which a comparison with the cluster size is under progress. As a further remark, it can be mentioned that a recent idea using dual-gas multijet arrays [21] combined with cluster generation could become an even more efficient source of high harmonics.
